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A semiclassical two-dimensional ensemble Monte Carlo simulator is used to perform a physical
microscopic analysis of the kink effect in short-channel InAlAs/InGaAs lattice-matched high
electron mobility transistors~HEMTs!. Due to the small band gap of InGaAs, these devices are very
susceptible to suffer impact ionization processes, with the subsequent hole transport in the channel,
both supposedly implicated in the kink effect and easy to be implemented in a Monte Carlo
simulation. The results indicate that for high enoughVDS, holes, generated by impact ionization,
tend to pile up in the channel under the source side of the gate due to the attracting potential caused
by the surface charge at the recess and, mostly, by the gate potential. Due to this pile up of positive
charge, the potential barrier controlling the current through the channel is lowered, so that the
channel is further opened andI D increases, leading to the well known kink effect in the current–
voltage characteristics. The microscopic understanding of this phenomenon provides valuable
information to conceive the optimum fabrication process for kink-effect-free HEMTs. ©2003






































InAlAs/InGaAs high electron mobility transistor
~HEMTs! have proven a record of excellent performance
low-noise high-frequency applications~in microwave and
millimeter-wave frequency ranges!, and are used as activ
devices in high-speed integrated circuits.1–3 However, they
have still some drawbacks to be eliminated, like the k
effect, i.e., an anomalous increase in the drain currentI D at
sufficiently high drain-to-source voltagesVDS, which leads
to a reduction in the gain and a rise in the level of noise, t
limiting the utility of these devices for microwave powe
applications.4
When reducing the device dimensions to improve
frequency range of operation of HEMTs, very high elect
fields appear in the gate–drain region of the device, wh
jointly with the narrow band gap of InGaAs, makes this d
vice very susceptible to impact ionization mechanism1
Some works suggest that impact ionization and the su
quent hole dynamics~jointly with trapping processes! can be
responsible for the kink effect.4–10 However, kink phenom-
ena are not still completely understood, specially in sho
channel HEMTs.4
Thus, the use of a microscopic approach beyond
standard drift-diffusion models typically employed to an
lyze this effect is highly desirable. The Monte Carlo~MC!
method has been proven to be a very useful tool when d
ing with problems where the understanding of the mic
scopic behavior of carriers is essential.11–14 The aim of this
work is the development of a physical model for the ki
effect in short-channel recessed In0.52Al0.48As/In0.53Ga0.47As
HEMTs. Toward this end, the microscopic transport of ca
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ers in these devices is monitored by means of a semiclas
two-dimensional~2D! ensemble MC simulator in which bot
impact ionization and hole recombination are included. T
approach allows one to determine the origin and magnit
of the kink effect in terms of internal quantities~like electron
and hole concentrations and potential profiles!, o that a
complete physical understanding of the kink effect
achieved, thus providing some guidelines to be followed
the fabrication process of HEMTs in order to improve th
immunity to kink effect.
The article is organized as follows. In Sec. II, the phy
cal model is detailed. The main results of our simulatio
and their discussion are provided in Sec. III. Finally, in S
IV, we draw the most important conclusions of this work.
II. PHYSICAL MODEL
As mentioned before, for the calculations, we make u
of an ensemble MC simulator self-consistently coupled w
a 2D Poisson solver which incorporates all the processe
the origin of the kink effect. The structure under analysis i
100 nm T-gate recessed HEMT~Fig. 1!, and consists of a InP
substrate~not simulated!, a 200 nm In0.52Al0.48As buffer fol-
lowed by a 25 nm thick In0.53Ga0.47As channel, three layers
of In0.52Al0.48As ~a 5 nm spacer, a 5310
12cm22, d -doped
layer modeled as a 5 nmlayer doped atND510
19cm23 and
a 10 nm Schottky layer!, and, finally, a 10 nm thick
In0.53Ga0.47As cap layer (ND55310
18cm23). The param-
eters for electrons in the involved materials can be found
Ref. 11, while details of the static characteristics and no
behavior of this device for low applied voltages~in absence
of impact ionization! can be found in Refs. 12 and 13, i
which the agreement between the results of the simulat
and the experimental measurements confirm the validity6 © 2003 American Institute of Physics














































4097J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Vasallo et al.the model. In particular, the value adopted for the surf
charge at the bottom of the recess, which, as explained in
following, may have a significant importance in the kin
effect, iss/q54.331012cm22, a value that leads to a goo
agreement between simulated and experime
measurements.11
The impact ionization of electrons, which occurs in theG
valley and leads to the appearance of holes, is included in
MC simulations by using the Keldysh approach,15 where the
probability per unit time of having an impact ionizatio
event is given byP(E)5S(E2Eth /Eth)
2 if E.Eth , and
P(E)50 if E,Eth , E being the electron kinetic energy i
theG valley,Eth is the ionization threshold energy, andS is a
measure of the softness or hardness of the threshold.Eth and
S are considered as adjustable parameters to reproduc
ionization coefficients~number of impact ionization event
that occur per unit length! measured in bulk materials.16–19
Figure 2 shows the experimental and simulated values of
impact ionization coefficient for In0.53Ga0.47As ~channel ma-
terial! as a function of the inverse of the electric field. The
is a large dispersion in the experimental measurements
moreover, for moderate electric fields~80–150 kV/cm!, at
which the device usually works, no measurements are av
able. In our simulations, we will consider the two sets
parameters reported in Fig. 2:Eth50.86 eV, S510
12s21,
and Eth50.8 eV, S52310
12s21. The agreement of the
simulated ionization coefficients with the experimental d
is reasonable in both cases. Even if the first set of parame
is more realistic and fits better the experimental values,
will mainly use the second case, since the central proces
unit ~CPU! time required to reduce the uncertainty of t
results is more affordable because of the larger numbe
ionization events taking place in the devices. From each
pact ionization occurrence, an electron in theG valley and a
hole in the heavy-hole~HH! band emerge, while the electro















originating the ionization process remains in theG valley. We
have verified that the hole impact ionization is negligible f
the considered applied voltages.
With respect to the model used for hole dynamics~the
main aspect of our HEMT simulator in order to include im
pact ionization processes!, a typical spherical and nonpara
bolic valence-band structure is considered, including th
sub-bands: HH and light-hole~LH! bands, degenerated a
k50 and characterized by a different curvature ink space,
and a third split-off hole~SOH! band, in which the band
warping is accounted for by the use of approximated over
functions.20 Ionized impurity, acoustic, polar, and nonpol
optical phonon scattering mechanisms are considered
holes.20,21 The hole physical parameters used in the simu
tions are reported in Table I. They have been obtained
interpolating between the values of the corresponding bin
materials.22–24Another important process that is necessary
take into account for a proper analysis of the kink effect
hole recombination.4,8 Toward this end, we use a simpl
model in which hole recombination is considered to ta
place with a characteristic timet rec ~i.e., with a probability
1/t rec). We will perform simulations witht rec ranging be-
tween 0.01 and 1.0 ns, in order to study its influence on
kink properties. The value oft rec constitutes a severe limita
tion for the simulation time, since hole recombination is t
process with the longest characteristic time among those
volved in the system under analysis. Thus, simulation tim
of at least several timest rec are required to achieve correc
stationary results.
.
FIG. 2. Experimental~see Refs. 16 and 17! and simulated impact ionization
coefficient vs inverse of electric field in In0.53Ga0.47As.72TABLE I. Physical parameters of holes in In0.53Ga0.47As and In0.52Al0.48As.
Parameter In0.53Ga0.47As In0.52Al0.48As
GAP ~eV! 0.75 1.45
Optical deformation potential (1022 eV2/m2) 5.75 2.6
Acoustic deformation potential~eV! 4.95 4.95
HH LH SOH HH LH SOH
Effective mass (m* /m0) 0.4828 0.0479 0.1358 0.7012 0.2002 0.20
Nonparabolicity~1/eV! 1.2 0.9 0.8 1.05 1.0 0.68
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Figure 3 shows the HEMT output characteristics in pr
ence and absence of impact ionization forEth50.86 eV and
S51012s21, and consideringt rec51.0 ns as in Refs. 4 and
~quite realistic parameters!. A notable increase ofI D takes
place starting from a value ofVDS high enough for the onse
of impact ionization. This value ofVDS is larger the higher
VGS is, while the increase ofI D is lower. This behavior is in
agreement with the experimental measurements of k
effect,4 and it is consistent with the lower gate–drain fie
that appears in the device for fixedVDS whenVGS increases,
which leads to lower electron energy and, thus, lower imp
ionization rate. In Fig. 3~b!, the characteristic ‘‘bell’’ shape in
the I G versusVGS curves, signature of impact ionization i
field effect transistors, can be observed.4,6,7The gate current,
being due to holes generated by impact ionization in
channel able to reach this terminal, shows this behavior
result of the interplay between the higher concentration
the lower energy of electrons in the channel appearing w
VGS increases. At lowVGS, the number of electrons crossin
the channel is low due to the action of the gate~the channel
is pinched off!, while for highVGS, the gate-to-drain poten
tial is lower ~and thus also the kinetic energy of electron!
than for intermediateVGS. In both situations, the impact ion
ization events and, consequently, the number of holes
reach the gate, decrease with respect to the range of inte
diate VGS, for which I G takes the highest values. We mu
point out that gate current due to electron tunneling is
considered in our model. Thus, if a comparison ofI G with
experimental measurements is to be made, the gate ele
tunnel current should be added to the values plotted in F
3~b! and 4~b! corresponding just to the hole contribution.
FIG. 3. Output characteristics andI G versusVGS curves of the HEMT for
Eth50.86 eV,S510












For the realistic values ofEth , S, andt rec, considered in
Fig. 3, the simulated time for every point of theI D –VDS and
I G–VGS curves is 5.0 ns, which requires a very long CP
time. Thus, Eth50.8 eV and S52310
12s21, providing
higher ~but still reasonable! values for the impact ionization
coefficient @Fig. 2#, jointly with a shorter recombination
time, will be used in the following to achieve affordab
computation times. Figure 4 shows the output characteris
and theI G versusVGS curves when this impact ionizatio
coefficient and a recombination time of 0.1 ns~to counter-
balance the effect of the higher ionization coefficient! are
considered. The qualitative behavior of the kink is similar
that shown in Fig. 3, but the effect is stronger, as eviden
by the more pronounced increase ofI D . Under these condi-
tions, when the kink is more explicit, it is easier to detect t
origin of this effect and analyze it in detail, as it is our aim
It is important to remark that Gunn oscillations~with fre-
quencies above 100 GHz! are found for the highest values o
VGS and VDS reported in Figs. 3 and 4, where the valu
shown forI D are the result of a long enough time averag
MC simulations provide an insight into the microscop
processes taking place inside the devices, in terms of wh
the kink effect can be explained. Initially, the influence
t rec will be analyzed. For this sake, we will focus our atte
tion on the simulations performed with the impact ionizati
parametersEth50.8 eV andS52310
12s21, for which an
appreciable kink effect is observed even for low values
rec ~in the more realistic case of Fig. 3, the kink is signi
cant only fort rec51.0 ns). Figure 5 shows the profiles alon
the channel of several internal quantities of interest for
bias pointVDS53.0 V, VGS520.3 V, and three values o
t rec ~1.0 ns, 0.1 ns, and 0.01 ns!. The results in the absence o
FIG. 4. Output characteristics andI G versusVGS curves of the HEMT for
Eth50.8 eV, S52310









































4099J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Vasallo et al.impact ionization are also shown for comparison. As o
served in Fig. 5~b!, the impact ionization events occur in th
drain side of the channel, since the electric field in this
gion and, consequently, the electron energy@Fig. 5~c!#, are
higher. Figure 5~a! shows that, apart from a few holes th
reach the gate and source electrodes, most of the holes
erated by impact ionization cross the channel and pile
under the source side of the gate~without reaching the
Schottky layer because of the energy barrier present in
valence band at the heterojunction!. This accumulation of
holes appears due to the attracting force of the gate pote
~principally! and of the negative surface charge at the rec
The increase ofI D can be explained as a consequence of
pile up of positive charge, which lowers the potential barr
that controls the current through the channel, so that
channel is further opened, with the consequent increas
the electron density@Fig. 5~d!# and drain current. The rise o
I D is essentially due to this enhancement in the electron fl
through the channel, since the number of electrons/h
FIG. 5. Profiles along the channel of:~a! Hole sheet density~inset, output
characteristics forVGS520.3), ~b! impact ionization events per unit time
and depth,~c! electron energy,~d! electron sheet density forVDS53.0 V,
VGS520.3 V, Eth50.8 eV, S52310
12 s21, and different values oft rec.













generated by impact ionization is very low so as to provid
significant contribution toI D . Moreover, few holes reach th
source contact because, as explained before, they tend to
up under the source side of the gate, and recombine be
reaching the source. The effect previously explained is m
pronounced the longert rec is, since, even if the number o
impact ionization events is practically the same, the hole p
up is larger due to the longer time it takes holes to recomb
@Fig. 5~a!#, which leads to a stronger kink-related increase
I D @inset Fig. 5~a!#. In view of this result, one way of en
hancing the immunity of HEMTs to the kink effect could b
the use of some technological process in order to intent
ally decreaset rec ~for example, by locally introducing de
fects under the gate!. However, this process has to be car
fully controlled to avoid a reduction oft rec below the transit
time of the electrons under the gate~of the order of 1.0 ps!,
since this would lead to a deterioration of electron mobil
and population in the channel, thus degrading the per
mance of the HEMTs.
To illustrate in more detail the role played by the ho
pile up at the gate-to-source side of the channel, Fig. 6 p
sents the potential profile@Fig. 6~a!# and the electric field
ong the channel at 5 nm from the spacer@Fig. 6~b!# for a
bias of VDS53.0 V, VGS520.3 V, with t rec50.1 ns, in the
cases of simulations with and without impact ionization. F
ure 6~b! shows that impact ionization events take place j
where the maximum electric field appears, at the drain s
of the recess. For this reason, the kink effect is commo
avoided~in fact, shifted to higher biasings! by enlarging the
drain recess length, which leads to a lower electric field
that region.
FIG. 6. ~a! Potential and~b! electric-field profiles along the channel at 5 n
from the spacer in presence and absence of impact ionization forVDS
53.0 V, VGS520.3 V, Eth50.8 eV,S52310
12 s21, andt rec50.1 ns. The
position of the gate and the recess is also indicated. The inset in~a! details



















































4100 J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Vasallo et al.In the presence of impact ionization, the energy bar
controlling the passage of electrons through the channel
creases in the position of the hole pile up@Fig. 5~a!# due to
the presence of the positive charge accumulation. As a c
sequence, more electrons coming from the source h
enough energy to surpass the barrier and cross the cha
thus contributing to the enhancement of the drain curre
Note that even if the difference in the potential barrier is ve
small, just of the order ofkBT/q @inset Fig. 6~a!#, it is
enough to produce a significant variation in the number
thermal carriers coming from the source able to pass over
barrier. Additionally, due to the strong increase of the el
tron density in the drain side of the channel@Fig. 5~d!#, the
potential profile becomes smoother in this portion of t
channel, so that the electric field is distributed more u
formly along the gate–drain region with respect to the c
of absence of impact ionization. This effect is more p
nounced the highert rec is. Indeed, with the increase oft rec,
both the electron energy and the number of impact ioniza
mechanisms are lower under the drain side of the recess
higher in the region near the drain contact@Figs. 5~b! and
5~c!#.
Reference 8 relates the increase ofI D to a lower source
access resistance due to the presence of holes~and electrons!
under the source part of the recess. Even if such an effe
observed in our results@Figs. 5~a! and 5~d!#, our explanation
of the kink effect coincides with that of Ref. 4, confirmin
that the decrease of source resistance cannot be solel
sponsible for the kink effect.
Figure 7 shows the same profiles as those of Fig. 5
the case ofVDS53.0 V, t rec50.1 ns, and several values o
VGS. As shown in Fig. 7~b!, the number of impact ionization
mechanisms decreases whenVGS is increased from20.3 V
to 20.15 V, since the maximum electron energy is low
@Fig. 7~c!# due to the lower gate-to-drain potential. Mor
over, the hole pile up is smaller, as observed in Fig. 7~a!,
because of both the lower number of impact ionizat
events and the weaker attraction of the gate potential, w
the recess influence is similar in the two cases. As a co
quence, the kink-related opening of the channel@Fig. 7~d!#
and the associated increase ofI D ~Fig. 4! are less pronounce
for VGS520.15 V than forVGS520.3 V. For VGS50.0 V
and VGS50.3 V, current oscillations emerge due to Gu
effect in the gate–drain region, and the qualitative behav
of electron transport is different. Under these biasing con
tions, a high-electric field domain is moving in the regio
between the gate and the drain. In this case, impact ion
tion mechanisms take place in the whole gate–drain reg
especially near the drain@Fig. 7~b!#, where the high electric-
field domain takes the highest values when leaving the st
ture. Therefore, when increasingVGS to 0.0 V, the onset of
Gunn oscillations provokes a sudden increase of impact
ization mechanisms, and also a larger pile up of holes un
the source side of the gate and the recess, which leads
stronger kink effect than forVGS520.15 V ~even if the gate-
to-drain potential is lower!. Finally, for VGS50.3 V, the at-
tracting effect of the gate is weaker. As a result, the rec
influence becomes notably more significant than that of
































the source side of the recess@Fig. 7~a!#. In this case, the
amount of surface charge present at the recess is decisiv
the kink behavior.8 This fact suggests that the passivation
the recess surface can be of interest when trying to red
the kink effect for open channel conditions.
IV. CONCLUSIONS
We have presented a microscopic analysis of kink eff
in short-channel recessed In0.52Al0.48As/In0.53Ga0.47As
HEMTs based on MC simulations. The results allow to
terpret the effect in terms of the pile up of holes~generated
by impact ionization in the gate-drain region! i the source-
gate side of the channel. This hole pile up takes place ma
under the gate for low values ofVGS, while for higherVGS
the attraction of the surface charge at the recess becomes
important as compared with that related to the gate. T
positive charge due to the accumulation of holes contribu
FIG. 7. Profiles along the channel of:~a! Hole sheet density,~b! impact
ionization events per unit time and depth,~c! electron total energy, and~d!
electron sheet density forVDS53 V, Eth50.8 eV, S52310
12 s21, t rec
50.1 ns, and different values ofVGS. The position of the gate and th

























4101J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Vasallo et al.to open the channel and thus leads to an increase in
electron density, with the consequent enhancement in
drain current. Some practical information can be extrac
from our analysis:~i! Since the accumulation of holes in
creases witht rec, an intentional~while controlled! reduction
of this time may help to avoid the appearance of kink, a
~ii ! the passivation of the recess surface can be of importa
only for highVGS, when the effect of the surface charges
the hole accumulation is significant.
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